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ABSTRACT

i

/ 'The problem of sublimstion.of material and accumulation of heat in an
dblation_shield is analyzed and applied to the reentry of manned vehicles

into the earth's atmosphere. The parameters which control the amount of

sublimation and the temperat gigﬁ;ib;tion within the ablation shield
are determined and pre;;;ted in a manner uéeful for engineering calcula-
tion. It is shown that the total mass loss from the shield during reentry
and the inSul;tion requirements may be given very simply in terms of the
maximum deceleration of the vehicle or the total reentry time.
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A THEORETICAL STUDY OF ABLATION SHIELD REQUIREMENTS
' FOR MANNED REENTRY VEHICLES

By Leonard Roberts



INTRODUCTION

The successful return of a vehicle through the eﬁrth's atmosphere
depends largely on the provision that is made for reducing aerodynamic
heat transfer to the structure of the vehicle. Analyses of the heating
experienced during reentry have been made for both ballistic vehicles
(ref. 1) and for manned_vehiéles (ref. 2).

For the purpose of thé present report the types of reentry are
categorized as follows: '

(a) Lifting vehicles of constant lift-to-drag ratio which reénter
the atmosphere at very small angles (so that skipping does
not occur) and which experience maximm decelerations less
than about 8g

(v) Nonlifting vehicles which reenter at small angles and which
experience maximm decelerations between 8g and lig

(c)-Nonlifting vehicles which gnter at larger angles and experience
maximum decelerations greater than lhg (ballistic trajectory)

The vehicles considered in (a) and (b) are suitable for manned |
reentry whereas the decelerations associated with hiéher entry angles
'-(type c) generally exceed human tdierances.

The heating experience of the manned vehicles also differs from that
of fhe higher entry angle ballistic vehicle: for this latter vehicle the
maximum heatinglrates are such that surface temperatures msy exceed the

melting temperatures of metals which have been considered in heat-sink

type shields. For manned vehicles the flight duration is much longer and

although the maximm heating rate is much lower the total heat input




exceeds that of the ballistic véhicle and the use of a metal heat-sink
shield becomes inefficient from a weight standpoint.

As an alternative to the heat sink, consideration has been given to
the use of ablation materials; the term sblation applies when there is
é removal of material (and an associated removal of heat) caused by aero-
dynamic heating, and therefore embraces melting, sublimation, melting and
subsequent vaporization of the liquid film, burning or depolymerization.-

Several approximate analyses have been made of the steady-state
shielding effects which result from this removal of material; aerodynamic
melting has been considered in references 3, U, aﬁd 5; sublimation, in
reference 6; simultaneous melting ané vaporization, in references 7 and 8;
and a general treatmént of the boundary layer with mass addition has been
given in reference 9. The problem of keeping the vehicle structure at_a
suitably l&w temperature cannot be answered by investigating a steady-
state situation, however, consideration must be given to the problem of“
insulation and the conduction of heat to the structure is a:-i222222§"vc
phenomenon.

The suitability of a heat shield (whether heat'sink.or ablation
material) depends on the wéighf required to keep the structure below a
givén temperature and a simple quantity of ﬁerit such as the effective
" heat capacity or effective heat of ablation gives no indication of the
severity of the insulation préblem - the use of high-~temperature ablation
materials éuch as graphite, for example, which has high thermal conduc-
tivity, could lead to an intolerable heéting condition although the effec-
tive heat capacit& is higher than most materials. It is possible that the

high-surface-temperature ablation materials experience less mass loss
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because of radiation cooling but fhis is not necessarily desirable since
the high surface temperature makes the insulation problem more severe.

It 15 seen, therefore, that the problem of maintaining a cool vehicle
structure is twofold; firstly, there must be adequate provision of material
for sblation and, secondiy, there must be sufficient insulationrfo prevent
the structure becoming hot;

The effectiveness of an ablation materiasl depends on its capability
to dispose of heat by convection in the liquid melt, as latent heat, and
by convection in gaseous form in the boundary layer; in this regard it
has been éhown (refs. 6 and 7) that, in general, an ablation shield is
most effective when a large fraction of the mass loss undergoes vaporiza-
tion. When sublimation takes place there is no liquid film, all the mass’
lost from the_shield undergoes vaporization and subsequent convection in.
the high-temperature boundary layer thereby removing a large amount of
heaf. For this reason a material which undergoes sublimation rather than
melting is generally the more efficient (apart from cénsiderations of |
latent heat).

Naturally, the choice of ablation material will be dictated by the
type of vehicle and its heating ﬁistory during reentry. For a nonlifting
vehicle whose dimensions are such that the heating rates experienced are
400 high to be balanced by radiative cooling it is advantageous to use a
low ablation temperature material, thereby reducing the insulation problem.
For lifting vehicles which experience‘lowgr heating rates over most of
the vehicle surface phe primary means of cooling would be radiative eicept

at the leading edges where the limited use of a high-temperature ablation
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material would seem more appropriate - ablation would then take place
only near the peak heating condition.

, The materials here considered most suitable for the reentry of s
manned nonlifting gapsule are therefore those which undergo sublimation
at a low temperature (say iess than 1;500o R) and have low conductivify
80 that no further 1nsulati§n is required. The absence of a liquid phase
firstly insures that the material is removed in gaseous form, and there-
fore convects a large amount of heat from the shield, and secondly pre-
cludes the possibility of liquid film instability.

The purpose of the report is to devglop an approximate method of
solution for such a shield from which may be determined the total sub-
limation of material during reentry and the temperature distribution

within the remaining shield; the ablation temperature is such that radia-

tion may be neglected. The analysis is directed towards obtaining results

useful for engineering purposes.
ANALYSTS

Motion and Heating During Reentry A
An analysis of shallow reentfy into the ea;th's atmosphere of both
.'1ifting and nonlifting vehicles has been made in reference 2; the results
oflinterest for the present application are included here for completeness.
Assuming an exponential variation of density with altitude

P _ -BY

— = 0

-

the equations of motion reduce to a single differential equatiop

" - (z' ] .Z.) _1-8 _ (pl/2 L (1)

u VA D
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where

* 1/2./
P [ < -BY - u
Z-;—M—(B‘) N
Cph

The initial conditions appropriate to reentry from a circular orbit are

Zi =0, Zy'= (Br)l/2 sin q (2)

at u=1.

All quantities of interest are expresséd in terms of u, Z, end

%A as follows (see appendix for 1list of symbols):
Horizontal decelerastion: - g-:- = g Br)l/ 25z ft/sec2 (3)
' ; 1/2
Resultant deceleration: a = g(Br)l/ 2[1 + (%)2] iz ft/sec? (%)
R . 1/2 :
Reynolds number: j“’ = E(Bﬁi / Cl]:A Z (5)
Time: t = (Bg)'l/2€ sec (6) .
. 4y .
where t = j‘_ (5z) ~Lag . n
1
1 -2 uc2 .
Stagnation enthalpy: c:p(Te - Tw) =31 Pl Btu/1b (8)
o\,
Heat-transfer rate: q5 = 590ky(——=| &y Btu/sq ft sec (9)
‘ .
" where g, = ﬁa(ﬁZ)l/ ° (10)
Heat absorbed: Qy = 15,900kyy(=4— Y 260‘ Btu/sq ft (11)
* . ’ IT CpAR
Gy -1 2
where ‘ 50 =j1 32(3z) / ad (12)
3 .
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_ The foregoing relations (eqs. (3) to (12)) are used in the determination
of the mass required for sublimation and the accumulation of heat within

the solid shield.

General Equations for Sﬁblimation and Heat Accumulation

Before the vehicle reenters the atmosphere the ablation shield is
assumed to have uniform temperature T, ; in the early part of reentry the
shield is heated until the surface temperature reaches the ablation tem-
perature Tgz. During-this preablation heating period the problem of
conduction of heat through the shield can be treated without difficulty
sinée the heating rate is known (eq.'(lo)). When sublimation of material
occurs, however, the conduction of heat within the material depends on
the rate of mass loss from the surface, the problem becomes nonlinear and
the exact solution involves lengthy numerical procedures (see, for example,
ref. 10).

It is not the purpose of this report to obtain exact solutions of
the nanlinear equations; rather, approximate results are obtained which
show all the important parameters that enter into the problem‘and glve
estimates of the material required for sublimation and fér absorbing the
heat conducted to the interior. (Fig. 1l is a diagram of the heat shield
under consideration.)

It 1s now assumed that the ablation shield is sufficiently thick
that the "infinitely thick slab" approximation may be used .and an energy

balance is written as follows:

' 0
Q(t) = [Cb(Ta - To) + L]m + Py f (T - T)dz (13)
- 00
Net heat Heat absorbed by Heat accumulated by -
input 'at sublimated material remaining material

surface

{.



When an integral thickness 8 defined as

Or._r '
6=f ——w d.Z (l"")

-.ooTs‘Too

is introduced, equation (l}) may be written in differential form as
_ i dm a '
a(t) = [cbwa_ L) + Y& 4 pey L[(zg - To)6] (15)

and an additional equation (a boundary condition at the surface of sub-

limation) is written

a(t) = L dm + (kb 9'3) . (16)
dt 9z /5 0
Net heat- Rate of heat Heat -transfer
transfer rate absorbed in rate to interior
to surface phase change

It is important to note that in equations (15) and (16) the heat-
transfer rate q(t) 1s that which the shield sctually experiences and is
itself a fuﬁction of the rate of sublimation; throughout this report the
qﬁasig;teady relation for the reduction in heat-transfer rate, due to thex
introduction of mass into the boﬁndary layer, 1is used (see ref. 6) |

aolt) - a(t) = Gsb(Te - Tg) ‘ (17

where qo(t) is the heat-transfer rate experiencéd by a nonablating body
at the surface temperature Ta}

In equation (17), Eb is the effective mean specific heat and
.m(Te - Tg) the effective temperature rise of the mass convected in the
boundary layer. The expressions for o and Eb derived in reference 6
" for a laminar boundary ‘layer are

aQ = l - % NPr-O.6 : (18)



& = cp’lﬁ'+ cp,z(l -9 (1?)

vhere W 1is the effective concentration of the shield material in gaseous

’

form in the boundary layer and is given as & function of Nge 1in
reference 6. ‘ |

The unknown heating rate q(t) 1is eliminated from equations (15)
and (16) by use of equation (17) to give

% = [b(Ta - Tw) + L+ a¥,(Te - Ta)]g—‘%l + ey :TRTB - To)8]  (20)

and
q = [L + a¥p(Te - Ta)]g% + (kb S-f) " : (21)
. Z=

Before attempting to take account of the conduction of heat within
the shield it is useful to make a simple analysis of the sublimation which

gives estimates of the total mass loss during reentry.

Sublimation of Material From the Shield
The purpose of an ablation shield is to reduce the heat-transfer '

rate at the surface from the aerodynamic rate qQ9 toa va.lue\(kb g%)
- 2=0

by providing material which absorbs heat through latent heat of sublimation
and convects heat in the gas boundary leyer; this situation is reflected

in equation (21). If this process is successful then (kb gf) - << 9
. z

for most of the reentry and an upper limit to the rate of mass loss can

be obtained by neglecting heat conduction in the solid.

From equation (21) with (kb %Ti)zao =0

dm - %
dt L+ olp(Te - Ta)

(22)
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Alternatively, by assuming that the rate of accumulation of heat,

é%[bbcb(Ts - Tm)e], is small compared with the rate of disposal of heat

~ dm
[éb(Ta -Te) + L + acp(Te - TaX]EE, equation (20) becomes

am _ 9o
dat Cp(Ta - Tm) + L + Ggp(Te - Ta)

(23)

Equation (25) is the quasi-steady expression for the rate of mass
loss but is not, in general, an upper limit.

With the aid of equations (3), (8), (9), and (10), equation (23) is

written
( M \1/2
C -
dm _ 1.18 5 pA* (dz) (- @> 1b/sq ft sec (24)
at 27 ?:'p an
a
CP:2
where ;
dim A\ oy -1/2
R T 4z
R #3)
and
A = L (using eq. (22))
13?  Cp
2 gd cp,2
| (26)
or
L+ Ta = T
A = c-;( 2 < ) (using eq. (23))
1%" 2
2 gJ cp,a )

Equation (24) shows immediately the importance of the parameter

M )l/Z

(CDAR' Heating enthalpy

o cE Gas shielding enthalpy
p,2



which depends on the vehicle size and shape through M_ and the prop-

CpAR
erties of the gas boundary layer. It is seen that the mass loss can Be
reduced by designing the vehicle so that Eﬁ%ﬁ 1s emall (low mass, high

drag, blunt nose) and by choosing an sblation material having a high

‘ [
shielding coefficient, a E-EE.
B,

A second parameter, the enthalpy ratio

\ = L _ Shielding due to latent heat

2
1% o % Gas layer convective shielding
2 c '
P,2
shows the effect of the latent heat L 1in reducing the mass loss; when

EEE— is small the effect of latent heat becomes more important
P,2

Mass loss.- An uﬁper 1imit to the total mass loss is obtained by

integration of equation (24)

( 1/2
o)
m = 1.18kg; ._PA%_ A 1b/sq ft (27
o —2
Cp,z
where
Uy

-

and {,, Uy are, respectively, the values of @ when sublimation begins

(1 - —27‘—)(ﬁz)’l/ 243 ' (28)
p 2% + A

and ends.
Equation (27) with kII = 1 gives the mass loss at the stagnation
point and the factor kII % \/\EEQ—— d8 modifies this mass loss according
8
P,0

to the variation of heating rate over the surface of the shield. The
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analysis of reference 2 does not apply at the condition {# =1 and it is
neccessary to assume a value U < 1 as the upper limit of U; the nominal
value‘of 4 = 0.995, used in reference 2, is also used here as the value
at which sublimation beg;ns. The lower limit depends on the ablation
temperature of the materia; since ablation will cease before the stagna-
tion tempersture of the stream falls below the ablation temperature. The
value g = 0.05 (which corresponds to stream temperature of about 200° F)
i1s used throughout this paper; this value is considered sufficiently low
to include any material now under consideration.

Thus m can be written .

@ = iy _o(1 - 1) (29)
where
0.995 -1/2 :
fy_g = (5z) / aa | (30)
0.05
and

0.995 g -
j; :2-—)‘——?\-( uz) l/edﬁ -
= == (31)

Equation (30) shows that, even when A = 0, (no latent heat) there
is a limiting value of the total mass loss, whereas equation (31) glves
n(k), the fractional decrease in mass loss due to latent heat.

Effective heat capacity.- When comparing an ablation shield with a

golid "heat-sink" shield (for example, copper or beryllium) it is con-
‘venient to introduce an effective heat capacity defined here by the

following ratio

- 11 -



Total heat waich would be absorbed by a nonablating shield
Total mass loss from ablation shield

Hepr =

Using equations (11) and (12) for Q; and (27), (29), and (30) for m,

the effective heat capacity can be written

Hepp = 13,5000 ;EL Hepr Btu/ld (32)

D,

where N

Hepp = (ﬁéff)xzo(l - 1)

and ‘
0.995 -1
= _ VY0.05
(Heff>7\=0 ) +0.995. 1/
j (3z) an
Jo0.05

>

Equations (32) and (%3) show that Hopr depends only on the properties

of ablation material (through ¢,/c and A} and on the vehicle tra-
P/p,2

is a function only of trajectory).

Jectory (since< (Heff)x=o

Relation between mass loss, deceleration, and time of reentry.- From

=2
equations (24) and (25) I . _& (ﬁz)l/gg thus for large A, (§%>'
: . max

at T + A

occurs at [ﬁa(ﬁz)l/zi (peak heating) whereas.for A=20, (QE

dt)max

occurs at [(ﬁz)l/2 (peak horizontal deceleration). For any A,
. . mex

max

then, the maximum sublimation rate occurs between peak heating and peak
deceleration.

In general, the total mass loss will depend on the total time taken
to complete reentry sincé ﬁk=0 is a funetion of the trajectory. 1t is
of extreme interest, therefore, to determine how the mass loss may be
reduced by allowing the vehicle to complete reentry in a shorf period of

- 12 -
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'time; but with the reservation that the maximum deceleration be kept to a
tolerable level,
The relationship between the total mass loss, deceleration, and time

of reentry becomes apparent when equations (3), (7), and (30) are recalled:

0.995 0.995 -
1/2 - -1 1/2 .
-_1.§E=(Br)/ﬁz, t=f‘ (4z) "ad, and s g = (az) /du
g 4t 0.05 0.05
Firetly, since (§Z) ¢ (32)pay it is seen that
- Mex, horiz. deen., g's -1/2
it 2 2
A=0 = 1/2
(pr)
secondly, since
1 -1}2 | e
f (3z) an| ¢ f (Gz) (Schwartz integral inequality)
O 0
then
- - 1/2
By < (B
g0 that in genersl 1?1)\ -o batisfies
1 Max. horiz. decn., g's -l/2gﬁ < ¢ \1/2
30 2 2 A=0 27

~(1nsertipg the numerical values of (Br)l/ e and ( Bg)l/ 2) a result inde-
-pendent of vehicle characteristics or trajectory. Using an average value
of U2 equal to E(uz)max the following simple rule may be expected to

hold

| -1/2 |
ﬁxso ~ (%6 Max. horiz.adecnf, g a) (34)

that is to say,

-13 -



A. TheAtotal mase loss varieé inversely as the square root of the

maximum horizontal deceleration.

Alternatively, comparing the integral expressions for t and ﬁk:O’ the

following relation is expected
= ~_t_l/2
A=0 27
that is,

B. The total mass loss varies as the square root of time for reentry.

The foregoing relations between mﬁss loss, deceleration, and reentry
time, pfovide a very simple estimate of the sublimation during reentry.

Application to particular vehicles.- The integrals required for

m\~0, (ﬁ;ff)%=0’ and ' are evaluated for

(a) Lifting vehicles, %> 1, @ =0 for which G2 = (30 B)-l(l -_’ 32).
(b) Nonlifting vehicle, % =0, -9 <5° @Z given mmerically in
reference 2, and ) '
(c) Nonlifting ballistic vehicle, % =0, -@ <6° for which
2 = 30 sin - ©,82(-1n §).
The quantities £ and maximumvhprizontal decelerafion are  also evaluated
and &.check made on the simple rules A and B; the results appear in the

following table.

-1 -
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It is seen from the table that the expected variation of mass loss
with reentry time and meximum deceleration holds very well (within 8 few
percent except for L/D =0, -9 < %P> and that the lifting vehicle
experiences greater mass loes than the nonlifting vehicle,

The effective heat capacity lies within.definite limits,
0.35 (Heﬂ-)x o $ 0.5 the higher valuey being associated with lifting
vehicleswhich operate} relatively longer in the region of high stream
enthalpy and therefore high gas layer shielding. It is seen that the
variation Qf n with trajectory is small although its variation with A
is large. .

Table I shows that 1§ -1 as A —o for all cases. Considering

further the results as A — o, the effective heat capacity, H,sp, must

tend to a limit L, the latent heat, or

Herr = (Hers), (1 - )T -

This behavior may be verified for-case (a) where

—_ 1/2 -1
SR A L

It is seen that ﬁéff — A Dbecause the exponent of I

is equal to
A

(ﬁéff)X=O(= %). This behavior suggests that 7, which is equal to

A \/2
( - for case (a) should be, more generally

14+ A (_ )
Hore
n=( A ) r=e (35)
1+ A

and in fact a comparison shows that this result agrees with those in

teble T to within 1 percent.
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In the foregoing analysis expressions for the total mass loss and

the effective hedat capacity of the shield have been obtained by assuminé

that (1) sublimation starte early during reentry and (2) the accumulation :b

of heat 18 negligible cotpared with the disposal of heat; both assumption!“‘

lead to conservative values for the total mass loss,(thAt is, values that
are too large). |

An analysis of the heat-conduction problém within the shield 1is
desirable in order to Justify these assumptions and also to estimate the

amount of insulation required to keep the structure cool.

Accumulation of Heat Within the Shield

The effectiveness of an ablation shield in reducing heat transfer to
the vehicle structure is measured finaliy in terms of the mass required .
to keep the structure below a given temperature. It has been shown in
the previous section that the méss loss due to ablation is virtually
independent of surface .temperature when Te >> Tg. The‘mass requiremenﬁa
for insulation however depend critically on the ablation temperature gnd
it 18 to be expected that the use of low-temperature ablation materials
will reduce considerably the insu;ation problem wiﬁh.relatively little
increase in the total mass loss.

In order to estimate this amount of insulation it is assumed that

T kp(Ts - Tw)
(kb g)zd) B s9 (36)

(1t may‘be shown thdt, for T4 monotonic increas;ng or constant

3z

‘(kb ET) <A kb(Tae' Teo)

- 17 -




“where A(t)- lies in the range ?5 Asg 1). With the substitution, eq@,}_,.g’.

tions (20) and (21) may be solved for the unknown quantities Tg and 68; '
when %% = 0 (vefore ablation) or-for m and O vhen Tg =T, (during

ablation) .

' Presblation heating.- Before appreciable ablatien occurs (when the

i
g

86 lose rate has negligible effect on the heat-transfer rate), equa-

) tiohq (20), (21), and (36) give BRI

and elimination of © glves

2% = PyC (T = Tw)® (38)

When sublimation begins U = Ug and Tg = Tg 80 that equation (38)

written in dimensionless form, becomes

qo(ﬁa)ao(ﬁa) = IJ;IEZI pzjb{Ta -T ) x 1077 N (%9) i
o | o
(strictly speaking, sublimation occufs at'all values of the surface
temperature and Tg is related to dm/dt through the phase relafion _
which describes the equilibrium of the solid materiél}with its vapor; in
practice, however, dm/dt is negligible except when Tg; 1lies within a

" limited range which includes the mean value Ty used here.)

Since -_EZ_ ~ 1 it is seen from equation (39) that
I II

SR ~ X2 x0T (ko)
where | | '
(°b°bkb)

Y \1/2
(o)

- 18 -
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. Equafiog (k0) determines whether sublimation will occur during reentry;f
17 | | o

(30R0) 1 < X2 x 1077 (h2) }u;fk

\\;sublimation will not occur since equation (40) cannot be satisfied and
& :

the maximum value of Tg will remein below Ty throughout reentry.
“In terms of U end Z, the condition that sublimation will not oceur

is written ‘ ; ) L B

[ 0.995
X2 > 1o7tég(ﬁz)l/20/\ ig(ﬁZ)_l/2dG} ' (43)

u ~'max

Wren X 1is written

* oy (Ta - Tm)< Ky >l/2
T T M2 ey
o)

it is seen that sublimation cannot occur if

1/2
(1) the parameter (El£—> , which determines the level of the

heating rate, is too small
(2) the thermal capacity pbcb(Ta - T, 1is too large or

ky,
PpCh

: 1/2
(3) the thermal diffusivity ( ) is too large.

The materials under consideration in this paper have low ablation
temperatﬁre and low thermal conductivity; more specifically the materials
under serious consideration have properties with the following order of
megnitude: p ~ 0(102) ‘lb/cu ft, ¢y ~ 0(1) Btu/lb R,

X, ~ 0(10) Btu/rt'sec %R, T, - T, = 0(10%,10%) ©°R; for vehicles

considered here C;;R > 1071, Thus X < 10° and sublimation will occur.

-19 -



It is of interest to determine what fraction of the total f£light'
time passes before sublimation takes place; the ratio ta/tf 1s found

as follows!

Taking t = 0, when & = 0,995, then since §, is an increasing

=]

function of during the early part of reentry

d(8a) > §5(0.995) and y(Ha) > £43,(0.995)

therefore
30(8a)Tp(Ta) > 392(0.995) % -

also
' . 10.995¢ .
. . 0.05

s0 that

1

|

(uz) 'idﬁ

e
]
o

<§o(ua_)50(ua) f°‘995
£ §,2(0.995) |Yo.05

o005 4 | .
(ﬁz)'laﬁ] @ x 1077 (k)

~ [2(0.995)
0.05

Thie ratio is evaluated later.

Total accumulation of heat.- An upper limit is found to the accumu-

lation of heat during reentry by assuming that the surface of the shield
1s raised instantaneously to the temperature Ty &t t = 0.

Equations (20), (21), and (36) are first combined to give

- Pykp ‘
6 2 (Po?) = " By & . (b5)

the last term is neglected, and integration then gives the fallowing

upper bound for o |




The accumulation of heat at time t i1s therefore
Q = pyey(Tg - Tw)O < (2pbcbkb) 1/ 2('1‘3,5t - T )4 1/2 ()
and when t = tp ) |
Qr < (2ppepky) Y2(p, - 1,)4.12

This upper limit is independent of Eﬁ%ﬁ and for given material
properties depends only on the total time of reentry. When Qr 1is
expresse& as 8 fraction of QO,f there ig obtained

: r 1/2
%< 0.6 2 % x 1073 - (u8)
0, f Qo,r

where

0.995 _ M2
tfl'/2 ] [j;).os. () du]

%, ¢ 0.995 A
f 3 (5z) /zdﬁ
0.05

(ho) *

and is evaluated by inserting the appropriate 2Z functions.

Application to particular vehicles.- The various functions of 4

and Z which appear in the previous section are evaluated by using the
appropriate Z functions. The reéults mey be summarized very concisely
. as follows. For all cases (a), (b), and (c), independent of L/D and
Py ,

(1) Suﬁlimation will not occur during reentry if

%2 > 2 x 106
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(this condition does not hold necessarily if the shield is a composite ;

slab of different materials; in Such a case the factors pyey(Ta = Tw)

PbCh
the analogous composite quantities).

. \1/2
X: . ) L i .
and (==9-> whieh appear in the parameter X would be replaced by

(2) The ratio ta _ Presblation heating period

satisfies
ty Total reentry time

% <5 x 1062

f

(3) The ratio Qf _ Heat accumulated by ablation shield ‘satisfies
Qo,r Heat accumulated by heat sink

Qf <1 -5
—_— .5 X 107X
Q,f

The assumptions, made in the analysis of sublimation, that sublima-
tion begins soon after the initiation of reentry (vhen 1 = 0.995) and
that the accumulation of heat is small compared with the disposal of heat,

are Justified since

ta . 0.05 and S < 0.15
te Q,f
for X < 102.

Insulation requirements.- The method of the preceding section gives

"an estimate only of the amount of heat accumulated by the solid shield
at the completion of reentry. The temperature distribution through the
shield is also of interest, however, and an approximate analysis is
desirable, from which fhie distribution can be obtained. The nonlinear
différential equations and boundary conditions for heat conduction in an

ablating solid are developed, as in reference 10, but the mass loss rate

- P22



dﬁ/dt 18 replaced by a constant mean value m/ty. When thisvie done

the equation becomes linear and has the solution at t = tg.

+ : -
ia-_T;m - eefg l:]_ - -;- erfc(&?—g-)J + % erfc(ef2 5) (50 .
where
: - (ﬂbﬁb;)l/g z
ky tfl;z
and |
M \1/2
(&) o \2
€p = 0.17ky1 ——-:———-(l - Tl)( )
k .
: < ccp i
. P,2

For engineering purposes equation (50) is easily approxitﬂated by

T - T, 2[5 s fte\Y | .
om0 T ARt .
where
2
, -€ 1/2 € 1/2 € '
tle) =% e £/ _ L— e erfe £+ gef ert L (52)

(5 1s.such that the expression for the heat content of the shield as
" given by eq., (50) agrees with that given by egs. (51).)
The amount of insulation required to reduce the temperature from

Tq to any value T < Tg 1is then

‘. \1/2
k 1/2 - Tg =T :
Ming, = _2_(5"_2) te / g(ef) In -2 _ 2 1b/sq ft (53)
: : 1/2 :
It may be verified that ;(ef) <1 and g(ef) —»g?/— for large €.
f
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Thé importance of the shield material parameters p:kb and Ty 1s evig
b

. dent from the foregoing expressions. It is seen also that the amount

of insulation varies as tfl/a.
DISCUSSION

In the preceding analysis, the primary objective has been to obtain
simple useful expressions to describe the sublimation of material from,
and the accumulation of heat by a low-temperature, low conductivity
shield .suitable for manned reentry. |

For the sake of simplicity several approximations have been made
but they are of such a nature as to give conservative results, since
upper limits have been obtained for the total mass loss due to sublima-
tion and for the total heat accumulated during reentry.

I has been shown that the total mass réquired for sublimation depends

primarily on the parameters

(o) ™

CpfR - Heating enthalpy coefficient
c, 1 h ¢

o o Gas shie_ding enthalpy coefficient
cP:Q

.and

L + cp(Ty - Ty)

A=
2 ~
}.uc a Cp
2 el cP:E

_ Maximum internsl shielding enthalpy
Maximum external shielding enthsalpy

the foregoing definition of A gives the quasi-steady result whereas
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L

.conservative results are obtained when A = 5 — It is evident
1Y% a _ER_
2 8 CP)E

~

~ c
that the correct interpretation of a E—E— is important in the use of
p)2'

these parameters; the quantity arises when the convective shielding in

the boundary layer is considered and is correctly interpreted as

Cp - Enthalpy of gases convected in boundary layer
Cp,2 Enthalpy differences across boundary layer

The total mass loss during reentrj can be written

(M 1/2
C - '
m = 1.18ky ——Qfg——-— mx=o(l - n) 1b/sq ft
Cp
Q ———
p,2

where ﬁk:O depends only on the vehicle trajectory; the exact values

are given in table I although f_o 1is given approximately by

mx:o“’(

1 Max. horiz. decn., g's -1/2
30 2

or

The quantity 1, primarily a function of A, represents the fractional
reduction in mass loss due to latent heat.

The relation between total mass loss and maximum deceleration shows
immediately the weight'penalty incurred as the price of limiting the
maximum deceleration to a low value and it is concluded that the use of

a low-temperature ablation materiasl is not appropriate to vehicles which
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“have high L/D ratios (it 18 seen’ from table I, for example, that the

value of fi,_o for L/D =1/2 1is about twice tha.t for LfD =

The effective heat capacity of the ablation material is written

N

Bopy = 13,5000 2( ett)aolt = M1 Btu/iv
D, :
‘ (Heff)ho
where (ﬁeff));o and 1 = (l : %) : are dimensionless and do

not vary apprecisbly with trajectory as seen in figures 4 and 5. Even
wvhen 1 = O, (negligible latent heat) thé effective heat capacity of

the matefial is

cf) 2 (ﬁeff) A=0

13,500a

where

0.35 < (“eff))\ oS %

Again the 1mportance of o —ER— is seen; when a for example
2 2
’ P: Lo

-

the effective heat capacity, disregarding.lateﬂt heat, is between
2,650 Btu/lb and 3,375 Btu/lb. When this range of effective heat capac-
ities is compared with that for heat-sink metals of the order of

1,000 Btu/lb the reduction in shield weight is quickly realized. More-

"over, since the foregoing comparison does not depend on the ablation

temperature, the advantage is enhanced when low-temperature ablation
materials are considered in view of the attendant reduction in insula-
tion requirements.

For an ablation shield to perform successfully it must dispose of,

rather than accumulate, heat energy; the preablation heating period
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should therefore be small compared with the total reentry time and the
heat accumulated should be a small fraction of that which would be accumu-

lated by a heat sink, Here, the deciding parameter is
(pbcbkb)llz(Ta - Tw)
M \1/2
()

X =

It has been shown that,

sublimation will not occur if X2 > 2 X lO6

Preablation heating period

that, <5 x 107°%x2

Total heating period .

and

Heat accumulated by ablation shield
Heat accumulated by heat-sink shield

< 1.5 x 1073x

"For the lifting vehicle (% > % say) the amount of mass loss will be

large if ablation is allowed to take_place over the major part of the
reentry. Since such a vehicle would be cooled primarily by radiation,
the use of a high temperature ablation material at the leading edge seems
more appropriate. In such a design the ablation temperature should prob-
ably be near to the mean radiation temperature of the vehicle, and the
pérameter X should be near the critical value 2 x 106 if ablation is
to take place only near peak heating. The behavior of the ablation
material during this long preablation period may be of concern however,
When the heat conduction problem is considered. an upper limit to

the accumulation of heat is found as
1/2
Qr < (pbcbkbtf) (Tg - Tw) Btu/sq ft
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" a result which is independent of the vehicle characteristics and heating
experience except as they affect tg.

Thus for a given vehicle the total shield weight required for sub-
limation and insulation varies approximatélj as the square root of the
reentry time, or inversely as the square root of the maximm deceleration.
For ballistic reentry, therefore (-4 > 5°) and manned capsule reentry
(0 € -9y < 5°) the ablation shield offers an efficient way to‘diapose of
heat continuously during reentry. For the 1ifting vehicle a high tem-
perature material which would allow radiation from the surface for the
greéter part of reentry appears to be more appropriate; leation would
then take place for a limited time near the maximum heating condition

or in case of an emergency maneuver,
CONCLUDING REMARKS

An approximate -analysis has been made of ablation shield require-
ments for reentry vehicles; the type of shieid considered was one of
low sblation temperature and low thermal conductivity which produced no
liquid film during ablation.

- It is shown that

1. The total mass required for sublimation depends primarily on

Heating enthalpy

and
Gas shielding enthalpy

parameters which depend on the ratios

Shielding due to latent heat
Gas layer shielding

2. For a given vehicle and shield the total mass loss varies as the
square root of the total time for reentry or inversely as the square
root of the maximum deceleration.
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3. The accumulation of heat 1s & small percentage of that accumu-
lated by a heat-sink shield, the percentage being determined by-a siﬂgle
parameter which combines the effects of the heating level experienced
during reentry, the thermal capacity of the‘remainiﬁg shield and the
diffusivity of the material,

4. The amount of insulation material also varies as the square root
of the time or inversely as the square root of the maximm deceleration,

From the foregoing dependence of'sﬁblimation and insulation require-
ments on deceleration and time of reentry it is concluded that the low
temperature ablation shield should dispose of heat very efficiently for
nonlifting vehicles, but the 1imited.use of a high temperature ablation

shield at the leading edges is more appropriate for 1lifting vehicles,

where the primary means of cooling would be radiative.
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APPENDIX
LIST OF SYMBOLS

reference area for drag and 1ift, sq ft
drag coefficient

specific heat, Btu/lb ©R

gravitational acceleration, ft/sec®
effective heat capacity, Btu/lb

thermal conductivity, Btu/ft sec °R

ratio of local heat flux to that at stagnation point, 3
5
. P,O

average value of heat flux relative to stagnation point value,

Y
®p,0

latent heat of sublimation, Btu/lb

characteristic length of yehicle, ft

Lift force

ratio,
Drag force

mass ablated, 1b/sq ft

mass of vehicle, slugs

Prandtl number

Schmidt number

locel convective heat transfer rate per unit ares, Btu/ftasec :
total convective heat absorbed, Btu/sq ft

dimensionless heat-transfer rate

dimensionless heat absorbed per unit area

distance from center of earth to orbit
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R radius of curvature of nose

PVl
Re Reynolds number,
><]
5 surface area wetted by boundary layer, £t2
t time, sec
T temperature, ©R
u circumferential velocity component, ft/sec
Ue circular orbital velocity, (gr)1/2 = 26,000 ft/sec
a ratio, >
Ye
. T-T
v temperature ratio, ————=-
Ty - T
Y altitude, ft
v total velocity, ft/sec
W wéight of vehicle at earth's surface, 1b
zZ dimensionless function of { determined by equation (L)

y
surface, ft
4 outward normal distance from ablation surface, ft
a fractional temperature rise of gaseous materiai
€ ‘ dimensionless ablation rate
B atmospheric density decay parasmeter, el
3] integral thickness of ﬁéated layer in solid shield, ft
K coefficient of dynamic viscosity, slug/ft sec
A latent heat éarameter, equation (33) or (34)
p density, slug/cu ft
n fractional decrease in mass loss due to latent

heat-dimensionless distance

- 31 -
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T dimensionless time

@ £11ght path angle relative to local horizontal direction;

negative for deécent

X conduction parameter

Subscripts:

0 no sublimation

o free stream, also conditions before reentry
B surface condition

5p stagnation point

1 initial condition .

1 gas produced by sublimation

2 air behind shock wave

a .sublimation condition

b solid shield condition

e external to boundary layer at stagnation point
f final conditions | ‘
Superscripts:

! differentiation with respect to 1

- dimensionless quantity
o~ mean value
* mean value for exponential approximation to density-altitude
relationship
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